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Abstract 

We report electroluminescence (EL) from single horizontal ZnO microrod (IVIR) and p-GaN heterojunction light-emitting 
diodes under forward and reverse bias. EL spectra were composed of two blue emissions centered at 431 and 490 nm 
under forward biases, but were dominated by a ultraviolet (UV) emission located at 380 nm from n-ZnO MR under high 
reverse biases. Light-output-current characteristic of the UV emission reveals that the rate of radiative recombination is 
faster than that of the nonradiative recombination. Highly efficient ZnO excitonic recombination at reverse bias is caused 
by electrons tunneling from deep-level states near the n-ZnO/p-GaN interface to the conduction band in n-ZnO. 

Keywords: ZnO; Microrod; Electroluminescence 



Background 

ZnO is one of the most potentially useful materials for 
near-ultraviolet photonic devices such as light-emitting 
diodes (LEDs) due to its direct wide bandgap energy of 
3.37 eV and large exciton binding energy of 60 meV at 
room temperature (RT) [1-3]. Although ZnO p-n junction 
LEDs with low luminescence efficiency have recently been 
reported, [4] ZnO-based LEDs still suffer from difficulty 
in producing reliable and high-quality p-type doping ma- 
terials [5-7]. Therefore, the n-ZnO and p-GaN heterojuc- 
tion devices is suggested as an alternative approach due to 
their similar lattice structure (wurtzite) and electronic 
properties [8,9]. Micro/nanostructure LEDs with good 
crystalline quality and superb waveguide properties are ex- 
pected to provide an effective route for improving internal 
quantum efficiency as well as extraction efficiency [10]. 
To date, various one-dimensional heterojuction micro/ 
nanodevices have been fabricated [11]. Among these 
structures, the heterojunction LEDs use vertically aligned 
one-dimensional ZnO structures such as microrods (MRs) 
and nanorods (NRs) which exhibit better electrolumines- 
cence (EL) performance than ZnO film LEDs because 
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the carrier injection efficiency can be enhanced and 
structural defects are decreased in these micro/nano- 
structures [12-19]. Few studies have been reported con- 
cerning the EL from horizontal ZnO MRs/NRs [10,20-22]. 
The UV electroluminescence centered around 390 nm in 
wavelength based on the single ZnO MR/p-GaN [20] and 
multiple ZnO MRs/p-GaN [21] heterojunction were real- 
ized under the forward injection current. In particular, the 
UV whispering-gallery-mode lasing in an individual ZnO 
MR-based diode has been demonstrated [10]. A saturated 
blue emission around 460 nm caused by the interfacial 
radiative recombination in single ZnO MR/p-GaN at high 
forward bias was examined [22]. Although those groups 
have produced the horizontal ZnO MR-based LEDs, a de- 
tailed investigation on the origins of the recombination 
processes is urgently needed for lighting applications. 
Here, we report one-dimensional hexagonal ZnO MR- 
based LEDs by simply transferring an individual ZnO MR 
onto p-type GaN thin film. Two obvious emission bands 
centered at 431 and 490 nm were obtained under both 
forward and reverse bias. The EL spectra were dominated 
by an intense UV emission band under higher reverse bias 
by reason of the tunneling electrons from GaN assisted by 
the deep-level states near the n-ZnO/p-GaN interface to 
the conduction band in n-ZnO. The origins of the distinct 
electron-hole recombination processes are discussed. 
Furthermore, the output light-current characteristic was 
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determined to evaluate the high-efficiency electrolumines- 
cence performance of the diode. 

Methods 

The ZnO MRs were grown on Si (100) substrates by a 
high-temperature thermal evaporation process. A mix- 
ture of ZnO and graphite powders (1:1 in weight ratio) 
was loaded in an alumina boat serving as the source ma- 
terial. The boat was centered inside a 2.5-cm quartz tube 
in a tube furnace. A clean Si substrate was placed on top 
of the AI2O3 boat to collect samples. The furnace was 
heated to 1,050°C at a rate of 20°C/min and kept at that 
temperature for 60 min. After the furnace had naturally 
cooled down to room temperature, the ZnO MRs were 
deposited on the Si substrate. To construct the LED, a 
p-type GaN layer was grown on a (0001) sapphire sub- 
strate with hole concentration and mobility of 10^^ cm"^ 
and 10 cm^/V-s, respectively, was used as the hole injec- 
tion layer. A thin layer of PMMA was partly coated on 
the p-type GaN film to serve as an insulating layer. After 
the substrate was heated at 50°C for 20 min to improve 
the quality of the PMMA, a single ZnO MR was trans- 
ferred to the prepared p-GaN substrate and crossed the 
boundary with the p-GaN and PMMA. Finally, the ZnO 
MR was fixed by Ag paste which served as the cathode, 
while another Ag electrode on the GaN film worked as 



the anode. The sample morphology was examined with a 
high-resolution Zeiss FEG scanning electron microscope 
(SUPRA 55, Carl Zeiss, Oberkochen, Germany). The po- 
larized micro-Raman spectra of the individual ZnO MR 
were measured using a Horiba Jobin-Yvon iHR320 spec- 
trometer (Horiba, Kyoto, Japan) in a backscattering con- 
figuration. The 532-nm line of a frequency-doubled Nd: 
YAG laser with 4.2-mW power was used for off-resonance 
excitation. The I-V measurements were carried out with a 
Keithley 2400 source meter (Cleveland, OH, USA). Micro- 
photoluminescence (i^-PL) and EL measurements were 
conducted by the above spectrometer. The optical source 
was provided by a 0.3-mW He-Cd laser with the wave- 
length of 325 nm. All measurements were performed at 
room temperature. 

Results and discussion 

Figure la shows uniform size of 700 i^m in length of the 
individual ZnO microrod. The inset of the SEM image 
in Figure lb reveals that the MR has a hexagonal cross- 
section and smooth side facets that are 6 |im in diam- 
eter. The upper trace of the Figure la shows the polar- 
ized Raman spectra results. Three distinct peaks at 380, 
410, and 437 cm were observed, which can be identified 
to Ai(TO), El (TO), and E2 (high) modes, respectively. 
The peak at 331 cm can be assigned to the second-order 
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Figure 1 SEM image, polarized ^-Raman spectra, schematic, and I-V characteristics, (a) SEM image of an individual ZnO MR. The inset 
shows the enlarged SEM image, (b) Polarized ^i-Raman spectra of the ZnO MR. (c) Schematic of a light emitting diode device, (d) The I-V 
characteristics of the heterojunction device. 
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Raman scattering arising from zone-boundary phonons 2- 
E2(M) of ZnO. A strong Aj (TO) mode in the parallel 
polarization configuration and a predominant E2 (high) 
mode in the perpendicular polarization configuration indi- 
cate that the MR has a c-axis single crystalline wurtzite 
structure [23,24]. The schematic diagram of the n-ZnO 
MR/p-GaN heterostructure LED is shown in Figure Ic. 
Figure Id displays a current-voltage (I-V) curve for 
the device and presents a typical rectifying curve of the 
heterostructured diode device, suggesting the forma- 
tion p-n junctions at the interface. The reverse turn-on 
voltage is 6 V. 

Figure 2 shows the PL spectra of the single ZnO 
microrod, p-GaN films, and ZnO/GaN heterostructure 
measured at room temperature. The PL spectrum of the 
ZnO microrod consists of an intense near-band-edge 
(NBE) UV emission centered at 380 nm attributed to the 
radiative recombination of free excitons and a broad 
green band due to the defect emission related to oxygen 
vacancies or zinc interstitials [25]. The p-GaN film ex- 
hibits the NBE-related UV emission peak at around 362 
nm and the broad blue emission peak centered at 445 
nm which can be attributed to transitions from the con- 
duction band or shallow donors to deep Mg acceptor 
levels [26]. The appearance of several oscillations is due 
to the interference effects of the thickness of the smooth 
GaN film. The bottom line in Figure 2 shows the PL result 
of the ZnO/GaN heterostructure. The pumping laser 
beam can penetrate through the ZnO microrod into the 
underlying p-GaN. One additional emission peak centered 
around 490 nm could be obtained, which is attributed to 
the emissions arising from the carrier recombination in 
regions near the hetero; unction interfaces [27]. 

The EL device can be operated at both forward and re- 
verse bias current. The EL spectra of the heteroj unctions 
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Figure 2 The room-temperature ^-PL spectra of single ZnO MR, 
p-GaN substrate, and ZnO/p-GaN heterojunction. 



under various forward biases are shown in Figure 3a. 
Under high forward bias current, there are two domin- 
ant emissions centered at 430 and 490 nm and a rela- 
tively weak emission of 380 nm at the short-wavelength 
shoulder of the first emission peak. The origin of the EL 
emission of heterojunction diodes can be confirmed by 
comparing the EL with PL spectra. The emission around 
430 nm is ascribed to the Mg acceptor levels in the 
p-GaN thin film. The blue emission around 490 nm comes 
from the ZnO MR/p-GaN interface; the electron would 
be captured by the deep-level states near the interface. 
The UV emission band around 380 nm is attributed to 
the excitonic emission in ZnO MR. Consequently, with 
the increase of the bias, a UV emission at 380 nm can 
be observed, but the EL spectra are still dominated by 
the blue emission. 

More importantly, the excitonic emission of ZnO MR 
dramatically increases and becomes a distinct peak as the 
applied reversed biases increase as shown in Figure 3b. 
The EL spectra are dominated by the p-GaN emission 
under forward biases, whereas they are dominated by 
the n-ZnO emission under reverse biases. The inset in 
Figure 3a,b shows the EL image of the LED under the 
biases in a dark room, emitting bright blue and white 
light, respectively. Note that they are visible to the 
naked eye. The mechanism of carrier recombination of 
EL can be interpreted by the energy band diagram as 
shown in Figure 3c. Figure 3d displays the intensity of 
the three emission peaks as a function of the reverse 
bias. Under low reverse bias current, due to the lower 
mobility in the p-GaN, all of the radiative recombin- 
ation mainly occurs in the p-GaN and interfacial layer. 
When the reverse bias current increases, the radiative 
recombination occurs in three places - the p-GaN, 
interfacial layer, and ZnO MR. Until the applied current 
exceeds a certain value, the carrier recombination in 
the p-GaN no longer increases because of the limited 
hole concentration in the p-GaN thin film. Finally, the 
excitonic emission of ZnO MR dramatically increases 
and becomes a distinct peak as the applied reversed 
bias current increases. The three peak intensities of the 
ZnO emission under reverse bias are depicted as a 
function of injection current in a log-log scale. Using 
the formula I^m ~ 1™> where /em is the peak intensity, / 
is the injection current, m is an index, the dependence 
curve can be fitted, and the fitting results reveal that 
the device shows a superlinear relationship with m = 2. 
This implies that, compared to the reported heterojunc- 
tion device [28], the effect of defect-related nonradiative 
recombination is negligible and almost every injected car- 
rier leads to the emission of a photon under reverse bias. 
In contrast, the emissions from GaN and interfacial re- 
combination both show superlinear dependence under 
low current injection; however, the luminescence peak 
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Figure 3 The room temperature EL spectra of n-ZnO/p-GaN heterojunction LED (a) under various forward biases and (b) under reverse 
biases. The lighting images under the biases (+36 V and -30 V) are shown in the insets of (a) and (b), respectively, (c) The band diagram of the 
n-ZnO/p-GaN heterojunction devices under reverse bias, (d) The three light output intensities of the heterostructure as a function of injection 
current under reverse bias. 
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Figure 4 The linear dependence and the carrier transports and recombination mechanisms, (a) Plots of ln(J f) versus F and ln(//f ) 
versus p'of the n-ZnO/p-GaN heterojunction LED at reverse breakdown bias, (b) The band diagram of the p-GaN/n-ZnO heterojunction under 
the reverse breakdown bias. 
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Figure 5 EL emission intensities as a function of time. 



100 



heterojunction under the reverse breakdown bias to il- 
lustrate the carrier transports and recombination mecha- 
nisms in Figure 4b. 

To assess the suitability of the studied diode to prac- 
tical LED applications, a preliminary stability study of 
EL performance was conducted. Figure 5 displays the EL 
intensities of the device working under reverse bias of 
40 V. The EL intensities did not decrease significantly 
even after over 80 h of operation. To date, there is no 
literature demonstrating the stability of an individual 
horizontal ZnO MR/p-GaN heterojunction. The stability 
of the diode was comparable to other devices based on 
the vertical n-ZnO NWs/p-GaN structure [17,31]. This 
measurement proves that this EL device displays good 
stability and reproducibility. 



intensities increase sublinearly at higher injected currents 
(/ > 7 mA). This indicates that nonradiative recombination 
is responsible for the output saturation. 

To understand the carrier transport mechanisms based 
on the electron from the band-to-band tunneling or deep- 
level states to the conduction band of n-type ZnO at 
reverse breakdown bias, we examined the electrical prop- 
erties of the device in detail. The tunneling current density 
/ from a deep-level state to a continuum of free states in a 
conduction band can be expressed as follows [9,29] : 



exp 



(1) 



where P is the tunneling ionization rate, E is electric 
field, and A and B are constants. On the other hand, the 
band-to-band tunneling from the occupied valence band 
states directly to the empty conduction band states at re- 
verse breakdown bias is given by [30]: 



/ = CE^ exp 



(2) 



where C and D are constants. Using Equations 1 and 2, 
In (/•£) versus I^^ and In (J/E ) versus E" plots can be 
plotted by the studied I-V characteristics of the LED at 
reverse breakdown as shown in Figure 4a. The linear de- 
pendence between In (/• E) and E^^ indicates that the re- 
verse breakdown is dominated by the electron tunneling 
from the deep-level states near the n-ZnO/p-GaN inter- 
face to the conduction band in n-ZnO. In contrast, the 
constant of the In (J/E^) versus £ plot indicates that 
the contribution of the electron tunneling from the 
valence band in p-GaN directly to the conduction band 
in n-ZnO is much weaker. This finding may be a result 
of the narrower energy barrier width for electron tunnel- 
ing from the valence band in p-GaN than that from the 
deep-level states near the n-ZnO/p-GaN interface. We 
summarize the band diagram of the n-ZnO MR/p-GaN 



Conclusions 

In summary, we have obtained UV and blue dual-color 
LED based on single ZnO MR and p-GaN heterojunc- 
tion under forward and reverse biases, respectively. The 
origin of the EL emission was confirmed by comparing 
the EL and PL spectra. For the excitonic ZnO emission, 
the rate of radiative recombination is faster than that of 
the nonradiative recombination under reverse bias. The 
tunneling electrons assisted by the deep-level states near 
the n-ZnO/p-GaN interface to the conduction band in 
n-ZnO result in the efficient ZnO excitonic luminescence 
under reverse bias. This stable UV/violet EL device should 
have potential applications in many areas, including multi- 
color lighting, displays, and lighting decoration. 

Competing interests 

The authors declare that they have no competing interests. 
Autfiors' contributions 

CFD and CHL carried out the characterizations of the device and PL 
measurements and participated in data interpretation. CYC performed the 
Raman spectra measurement. KHL synthesized the ZnO microstructures. JKS 
provided the GaN thin films and participated in data interpretation. HCH 
initiated the study, designed all the experiments, and analyzed the data. CFD 
and HCH wrote the manuscript All authors read and approved the final 
version of the manuscript. 

Acl<nowledgments 

This research is financially supported by the National Science Council of 
Taiwan under grants NSC-1 02-21 12-M-006-012-MY3 and the Aim for the Top 
University Project of the IVlinistry of Education. 

Received: 30 June 2014 Accepted: 15 August 2014 
Published: 28 August 2014 

References 

1. Ozgur U, Alivov Yl, Liu C, Teke A, Reshchikov MA, Dogan S, Avrutin V, 
Cho S-J, Morko(; H: A comprehensive review of ZnO materials and 
devices. J AppI Phys 2005, 98:041 301 . 

2. Xu S, Wang Z: One-dimensional ZnO nanostructures: solution growth 
and functional properties. Nana Res 201 1, 4:1013-1098. 

3. Son Dl, Kwon BW, Park DH, Seo W-S, Yi Y Angadi B, Lee C-L, Choi WK: 
Emissive ZnO-graphene quantum dots for white-light-emitting diodes. 
Nat Nanotechnol 2012, 7:465-471. 

4. Tsukazaki A, Ohtomo A, Onuma T, Ohtani IVl, IVlakino T, Sumiya IVl, Ohtani K, 
Chichibu SF, Fuke S, Segawa Y, Ohno H, Koinuma H, Kawasaki M: Repeated 



Du ef al. Nanoscale Research Letters 2014, 9:446 
http://www.nanoscalereslett.eom/content/9/1/446 



Page 6 of 6 



10. 



12. 



13. 



14. 



15. 



16. 



17. 



19. 



20. 



22. 



23. 



24. 



25. 



26. 



27. 



temperature modulation epitaxy for p-type doping and light-emitting 
diode based on ZnO. Not Mater 2005, 4:42-46. 
Sun XW, Ling B, Zhao JL, Tan ST, Yang Y, Shen YQ, Dong ZL, Li XC: 
Ultraviolet emission from a ZnO rod homojunction light-emitting diode. 

AppI Phys Lett 2009, 95:133124 

Xiang B, Wang P, Zhang X, Dayeh SA, Aplin DPR, Soci C, Yu D, Wang D 
Rational synthesis of p-type zinc oxide nanowire arrays using simple 
chemical vapor deposition. Nano Lett 2007, 7:323-328. 
Park CH, Zhang SB, Wei S-H: Origin of p-type doping difficulty in ZnO: the 
impurity perspective. Phys Rev B 2002, 66:073202. 

Lai E, Kim W, Yang P: Vertical nanow/ire array-based light emitting diodes. 

Nano Res 2008, 1:123-128. 

Chen HC, Chen MJ, Huang YH, Sun WC, Li WC, Yang JR, Kuan H, Shiojiri M: 
White-light electroluminescence from n-ZnO/p-GaN heterojunction 
light-emitting diodes at reverse breakdown bias. Electmn Devices. IEEE 
Trans Electron Devices 201 1, 58:3970-3975. 

Dai J, Xu CX, Sun XW: ZnO-microrod/p-GaN eterostructured whispering- 
gallery-mode microlaser diodes. Adv Mater 201 1 , 23:41 1 5-41 1 9. 
Djurisic AB, Ng AMC, Chen XY: ZnO nanostructures for optoelectronics: 
material properties and device applications. Quantum Electron 2010, 
34:191-259. 

Zhang L, Li Q, Shang L, Zhang Z, Huang R, Zhao F: Electroluminescence 
from n-ZnO:Ga/p-GaN heterojunction light-emitting diodes with 
different interfacial \ayers. J Phys D AppI Phys 2012, 45:485103. 
Chen C-H, Chang S-J, Chang S-P, Li M-J, Chen i-C, Hsueh T-J, Hsu C-L: 
Electroluminescence from n-ZnO nanowires/p-GaN heterostructure 
light-emitting diodes. AppI Phys Lett 2009, 95:223101. 
Jeong M-C, Oh B-Y Ham M-H, Lee S-W, Myoung J-M: ZnO-nanowire- 
inserted GaN/ZnO heterojunction light-emitting diodes. Small 2007, 
3:568-572. 

Zhang X-M, Lu M-Y, Zhang Y, Chen L-J, Wang ZL: Fabrication of a high- 
brightness blue-light-emitting diode using a ZnO-nanowire array grown 
on p-GaN thin film. Adv Mater 2009, 21:2767-2770. 

Xu S, Xu C, Liu Y, Hu Y, Yang R, Yang Q, Ryou J-H, Km HJ, Lochner Z, Choi 
S, Dupuis R, Wang ZL: Ordered nanowire array blue/near-UV light emit- 
ting diodes. Adv Mater 2010, 22:4749-4753. 

Lupan 0, Pauporte T, Viana B: Low-voltage UV-electroluminescence from 
ZnO-nanowire array/p-GaN light-emitting diodes. Adv Mater 2010, 

22:3298-3302. 

Lee Y-J, Yang Z-P, Lo F-Y, Siao J-J, Xie Z-H, Chuang Y-L, Lin T-Y, Sheu J-K 
Slanted n-ZnO/p-GaN nanorod arrays light-emitting diodes grown by 
oblique-angle deposition. APL Mat 2014 2:056101. 
Alvi NH, Hussain S, Jensen J, Nur 0, Willander M: Influence of helium-ion 
bombardment on the optical properties of ZnO nanorods/p-GaN light- 
emitting diodes. Nanoscale Res Lett 201 1, 6:628. 
Ding M, Zhao D, Yao B, Zhao B, Xu X: High brightness light emitting 
diode based on single ZnO microwire. Chem Phys Lett 201 3, 577:88-91. 
Zhu GY Xu CX, Lin Y Shi ZL, Li JT Ding T, Tian ZS, Chen GF: Ultraviolet 
electroluminescence from horizontal ZnO microrods/GaN heterojunction 
light-emitting diode array. AppI Phys Lett 201 2, 1 01 :041 1 1 0. 
Li X, Qi J, Zhang Q, Wang Q, Yi F, Wang Z, Zhang Y Saturated blue-violet 
electroluminescence from single ZnO micro/nanowire and p-GaN film 
hybrid light-emitting diodes. AppI Phys Lett 2013, 102:221 103. 
Chien CT, Wu MC, Chen CW, Yang HH, Wu JJ, Su WF, Lin CS, Chen YF: 
Polarization-dependent confocal Raman microscopy of an individual 
ZnO nanorod. AppI Phys Lett 2008, 92:223102. 
Hsu HC, Hsu GM, Lai YS, Feng ZC, Tseng SY, Lundskog A, Forsberg U, 
Janzen E, Chen KH, Chen LC: Polarized and diameter-dependent Raman 
scattering from individual aluminum nitride nanowires: The antenna and 
cavity effects. AppI Phys Lett 201 2, 1 01 :1 21 902. 

Zhang Q, Qi J, Li X, Yi F, Wang Z, Zhang Y: Electrically pumped lasing from 
single ZnO micro/nanowire and poly(3,4-ethylenedioxythiophene):poly 
(styrenexulfonate) hybrid heterostructures. AppI Phys Lett 2012, 
101:043119. 

Kaufmann U, Kunzer M, Maier M, Obioh H, Ramakrishnan A, Santic B, 
Schlotter P: Nature of the 2.8 eV photoluminescence band in IVlg doped 
GaN. AppI Phys Lett 1998, 72:1326-1328. 

Alivov Yi, Ozgur U, Dog'an S, Liu C, Moon Y, Gu X, Avrutin V, Fu Y Morkof 
H: Forward-current electroluminescence from GaN/ZnO double 
heterostructure diode. Solid-State Electron 2005, 49:1693-1696. 



28. 



29. 



30. 
31. 



Dong JJ, Zhang XW, Yin ZG, Wang JX, Zhang SG, Si FT, Gao HL, Liu X: 

Ultraviolet electroluminescence from ordered ZnO nanorod array/p-GaN 

light emitting diodes. AppI Phys Lett 2012, 100:171 109. 

Makram-Ebeid S, Lannoo M: Quantum model for phonon-assisted tunnel 

ionization of deep levels in a semiconductor. Phys Rev B 1 982, 25:6406-6424, 

Kane EG: Theory of tunneling. J AppI Phys 1 961 , 32:83-91 . 

Shi Z Zhang Y, Zhang J, Wang H, Wu B, Cai X, Cui X, Dong X, Liang H, 

Zhang B, Du G: High-performance ultraviolet-blue light-emitting diodes 

based on an n-ZnO nanowall networks/p-GaN heterojunction. AppI Phys 

Left 2013, 103:021119. 



doi:1 0.1 1 86/1 S56-276X-9-446 

Cite this article as: Du ef a/.: Ultraviolet/blue light-emitting diodes based 
on single horizontal ZnO microrod/GaN heterojunction. Nanoscale Research 
Letters 2014 9:446 



Submit your manuscript to a SpringerOpen*^ 
journal and benefit from: 

► Convenient online submission 

► Rigorous peer review 

► Immediate publication on acceptance 

► Open access: articles freely available online 

► High visibility within the field 

► Retaining the copyright to your article 

Submit your next manuscript at >■ sprlngeropen.com 



